In cruciferous plants, the primary pre-rRNA cleavage site (P site) is immediately downstream of four similar, highly conserved sequences (A 1 , A 2 , A 3 and B) located within the 5 -ETS (5 -external transcribed spacer).
Introduction
Ribosomal 18, 5.8 and 25 S rDNA genes are transcribed in the nucleolus by RNA polymerase I as a single precursor or pre-rRNA containing internal (ITS1 and ITS2) and external transcribed spacers (5 -and 3 -ETS). After pre-RNA modification (pseudo-uridinylation and methylation), the spacers are removed by a series of endonucleolytic and exonucleolytic cleavage steps [1] . In yeast and vertebrates, pre-rRNA processing begins with a U3 snoRNA (small nucleolar RNA)-dependent cleavage in the 5 -ETS, followed by cuts at the 5 -end of mature 18 S and within the ITS1 [2, 3] . These primary processing steps require several other factors besides U3 snoRNA, including U14 snoRNA [4] , fibrillarin [5] and nucleolin [6] . In eukaryotes, the first pre-rRNA processing event involves a large U3 snoRNA ribonucleoprotein complex associated with the 5 -end of nascent pre-RNA, suggesting the coupling of transcription and processing of pre-rRNA [7, 8] . In the present study, we describe the characterization of a crucifer pre-rRNA processing complex that may link transcription and processing of pre-rRNA in plants.
The NF D (nuclear factor D) complex binds conserved elements in the 5 -ETS of crucifer rDNA
The A 123 B cluster sequence in the 5 -ETS is highly conserved among crucifers, such as Raphanus sativus [9] cluster. NF D binds the A 123 sequence, whereas NF B binds the B sequence [10] . Analysis by footprinting confirmed that both A 123 and B sequences are protected from DNase I digestion by NF D ( Figure 1A ). Further characterization of these factors established that the distinct NF B complex arises from NF D complex dissociation. Thus NF D binding to the A 123 B cluster might play a role in rRNA synthesis in crucifers.
Purification of NF D based on its A 123 B-rDNA binding affinity
To purify and characterize NF D, whole cell extracts were prepared from cauliflower inflorescence, a source of rapidly dividing cells in which rRNA synthesis is very active [11] . First, soluble proteins were fractionated through DEAE, heparin and gel filtration using Sephacryl S300. S300 fractions eluting between 669 and 450 kDa were loaded on to an oligoA rDNA affinity column, prepared by coupling oligomerized double-stranded oligonucleotides containing the A 123 sequences with Sepharose. The flow-through was collected and bound proteins were recovered in a single step ( Figure 1B, top) . Using EMSA (electrophoretic mobilityshift assay), we observed that most of the NF D activity eluted as a single peak. Some NF D complex dissociation was also detected, visualized as NF B activity ( Figure 1B,  bottom) . More than 95% of the protein flowed through the oligoA column with no detectable NF D activity, which suggested that the fraction has been highly purified. Analysis by SDS/PAGE (12% gel) revealed that the final NF D fraction contains approx. 30 distinct protein bands. Thus we concluded that NF D is a multiprotein factor that can be highly purified through its specific interaction with the A 123 B rDNA sequence.
NF D is a pre-rRNA processing complex
Edman degradation sequencing of protein bands from NF D purified by a three-step procedure ( Figure 1B , excluding 
S300) revealed fibrillarin and nucleolin-like sequences.
Further analysis by Western blotting with antibodies against A. thaliana fibrillarin and nucleolin confirmed the presence of these two processing factors in the highly purified NF D fraction. Moreover, reverse transcriptase-PCR using specific A. thaliana oligonucleotides indicated the presence of U14 and U3, two snoRNAs associated with fibrillarin and implicated in primary pre-rRNA processing, in the purified NF D fraction. As these results suggested that NF D is involved in pre-rRNA processing, we tested whether this fraction is capable of binding and cleaving pre-rRNA. Using EMSA analysis, a specific protein-rRNA complex was detected when NF D was incubated on ice with an rRNA probe containing the A 123 B cluster and the P site (primary pre-rRNA cleavage site). Furthermore, when the same rRNA probe was incubated with NF D at 25
• C, fragments of approx. 137 and 76 nucleotides were detected by sequencing gel, as expected for cleavage of the probe The pre-rRNA processing complex NF D binds 5 -ETS rDNA and subsequently moves from rDNA to nascent pre-rRNA during RNA polI transcription elongation. Translocation from rDNA to pre-rRNA may be regulated by nucleolin modifications.
at the P site ( Figure 1C) . Additionally, we demonstrate by primer extension that cleavage of the rRNA probe by NF D occurs at the same nucleotide as in vivo. Finally, DNA/RNA competition and immunoprecipitation experiments confirmed that the complex involved in the binding of both rDNA and rRNA is NF D. From these results, we conclude that NF D is a ribonucleoprotein complex that binds rDNA and specifically cleaves pre-rRNA at the primary cleavage site.
Conclusions
NF D is a pre-rRNA processing complex containing nucleolin, fibrillarin and U3 and U14 snoRNAs. Interestingly, NF D was initially identified by its binding activity to the A 123 B cluster found in rDNA encoding the 5 -ETS in crucifers [10] . Moreover, it can be highly purified through its specific rDNA-binding activity. We propose that NF D may first assemble on the rDNA immediately upstream of the P site and, subsequently, it may bind pre-rRNA during transcription (Figure 2 ). In this model, nucleolin may play a central role. Remarkably, nucleolin binds 5 -ETS rDNA [12] , represses RNA polymerase I transcription [13] and may be regulated by phosphorylation, proteolysis, autodegradation and ADP-ribosylation [14, 15] . Thus, through the interaction of nucleolin with rDNA, NF D may establish a link between rDNA transcription and early pre-rRNA processing.
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